were not affected by vehicle treatment and were comparable to slices treated with NMDA alone in the two genotypes in a dose-dependent fashion (1-100 M) compared with A shorter free-running period, as exhibited by dexras1 Ϫ/Ϫ mice, may result from the following: (1) a direct change in core clock mechanisms; or (2) enhanced effects of nonphotic inputs (e.g., locomotor activity) to the circadian clock. In support of the latter hypothesis, when wild-type and dexras1 Ϫ/Ϫ animals with similar levels of activity were compared, the free-running period of dexras1 Ϫ/Ϫ mice was consistently shorter than that of matched wild-type controls (Supplemental Figure S4E at http://www.neuron.org/cgi/content/full/ 43/5/715/DC1). There was a strong negative correlation between activity and period length in both wild-type (r ϭ Ϫ0.60) and dexras1 Ϫ/Ϫ mice (r ϭ Ϫ0.65), but there In the first experimental paradigm, nonphotic feed- Figures 8A and 8D) . In one wild-type animal, locomotor activity was supInstability in Constant Light All of our data support the notion that the loss of Dexras1 pressed and circadian rhythmicity was lost in the last 4 weeks of LL; however, prior to this, the stable period produces a reduced response to light and an enhanced response to nonphotic stimuli. Previous studies have length (24.88 hr) and locomotor activity were comparable to those of the other wild-type controls (data not shown that increased locomotor activity leads to period shortening, whereas in constant light (LL), increasing shown). In the other wild-type animal, there were two overlapping rhythms with a short (23.16 hr) and a long light intensities produce period lengthening (Aschoff, 1960 Ϫ/Ϫ mice, we felt that reporting a single value for period length in LL would not sufficiently light-dark cycle when the light intensity is reduced, demonstrating a deficit in photic entrainment. This is further describe the behavior of the mutant animals. These data indicate that Dexras1 is essential for stabilizing the cirsubstantiated by the finding that brief light pulses are less effective at changing the phase of the circadian cadian system under constant light condition. Dexras1 is therefore involved in multiple transduction pathways, system in dexras1 Ϫ/Ϫ mice. Our electrophysiological data indicate that the photic entrainment deficit is medione of which appears to be required for normal pacemaker-pacemaker communication.
The Absence of Dexras1 Results in Behavioral activity throughout the experiment (
ated at the level of the SCN and that loss of Dexras1 attenuates NMDA receptor signaling. At all doses analyzed, NMDA produced a smaller phase delay in the Discussion firing rhythms of dexras1 Ϫ/Ϫ SCN neurons compared with wild-type controls. Importantly, our in vitro data Our results demonstrate a pivotal role for Dexras1 in the operation of the mammalian biological clock. We report indicate that the entrainment deficit is not merely the byproduct of the period shortening that is observed 1992; Biello et al., 1997; Maywood and Mrosovsky, 2001) . In this report, we have identified a signaling moleconcomitantly in dexras1 Ϫ/Ϫ mice, but that photic responsiveness itself is also compromised in the absence cule that modulates the responsiveness of the master clock to both photic and nonphotic inputs. We provide of Dexras1. These data are in keeping with the role of glutamate as a principal mediator of photic effects on genetic evidence that while Dexras1 positively regulates the photic input pathway, the same molecule negatively the central pacemaker (Hannibal, 2002) , with NMDA receptors playing an important role in glutamatergic signal modulates nonphotic signaling. Not only do changes in activity levels (by locking or unlocking the running wheel) transduction within the SCN (Colwell and Menaker, 1992). For instance, intra-SCN injections of NMDA in vivo have a more pronounced effect on the free-running period of dexras1 Ϫ/Ϫ mice compared with wild-type con- (Mintz et al., 1999) or NMDA application onto SCN slices in vitro (Ding et al., 1994; Shibata et al., 1994) elicit trols, but presentation of an acute nonphotic stimulus (the novel wheel) in the daytime, in fact, produces a photic-like phase shifts in locomotor behavior or firing rhythms, respectively, with the resulting phase response strong phase-advancing response that is not typical of mice in general. In other words, the absence of Dexras1 curve of NMDA closely resembling that of light. Moreover, NMDA has been shown to induce Dexras1 activation enhances nonphotic responsiveness of the mouse circadian system. in vitro (Fang et al., 2000) . Together, these observations support our conclusion that a NMDA receptor-Dexras1
In keeping with this, we find that the lack of Dexras1 sensitizes the SCN to NPY effects, as lower doses of signaling pathway influences photic responsiveness of the circadian system. 
Conclusions
Our results show that the lack of Dexras1 leads to reduced photic and enhanced nonphotic effects on the circadian timekeeping system. The attenuation in photic effects is attributed to a deficit in NMDA signaling to G i/o and MAPK activation within the SCN. Increased sensitivity of NPY signaling is likely to contribute to increased nonphotic responses. Notably, Dexras1 modulates the strengths of photic and nonphotic responses in opposite directions. Furthermore, the circadian system of dexras1 Ϫ/Ϫ animals is highly unstable under conditions of constant illumination. In summary, our results identify a biological paradigm of regulation in the circadian system, in which one signaling molecule, Dexras1, serves as a differential modulator of photic and nonphotic responses of the mammalian central pacemaker. lation is that species-specific responsiveness of the cir-
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